The combination of UV-visible absorption and electrochemical experiments (spectroelectrochemistry) enables to obtain highly specific spectroscopic information (in situ and operando) from modified surfaces. However, such application can be limited by the self-absorbance, for example, when metallic nanoparticles are present on modified surfaces. Indium-tin oxide onto glass (ITO) is a typical electrode commonly used for spectroelectrochemistry; ITO is an oxide-based semiconductor, and in numerous applications it is necessary to promote the modification of the electrode surface without significant loss of transparency. Here, we report a simple strategy to obtain ITO electrodes modified with self-assembled polyelectrolytes and active dendritic gold nanoparticles (AuNPs), a combination of soft and metallic materials that results in electrodes with significant optical transparency. Self-assembled poly(sodium styrene sulfonate) and polyamidoamine dendrimer (PSS/PAmAN bilayer) were applied successfully as efficient platform for monodisperse dendritic AuNPs electrodeposition, and the electrode containing those materials shows substantial optical transmittance from 400nm to 800nm. The combination of transparency and the presence of AuNPs homogeneously dispersed start to be a practical approach to develop metal-based electrodes for spectroelectrochemistry.
INTRODUCTION
Indium tin oxide (ITO) is a heavily-doped n-type semiconductor and one of the most widely used transparent conducting oxides. Due to its large band gap (~ 4 eV), ITO is mostly transparent in the visible spectrum and the coating of ITO on glass substrate shows several applications in electronic devices, with achievement of the products based on conducting transparent electrodes for electronic industry (madaria et al. 2010) . Others optically transparent and electrically conductive solid substrates have also been developed, such as glassy-modified with organic materials, e.g., polyaniline (Sapp et al. 1998) , graphene sheets (Chen et al. 2009 ), carbon nanotubes networks (li et al. 2006 ) and poly (3,4-ethylenedioxythiophene (Yan et al. 2005) . In electrochemistry, the use of ITO electrodes is not only important because of the conductivity but aalso because of the properties of transparency. Also, ITO is very important for applications in spectroelectrochemistry, organic electronics (Domingues et al. 2011 ), electrochromism (Zhao et al. 2009 ), solar cells (Ito et al. 2009 ) and photovoltaic devices (Armstrong et al. 2003) .
One interesting feature is to modify ITO surface with functional nanostructured materials for practical applications (Richardson et. al 2015) . At the same time it is important to obtain ITO-modified electrodes by a simple manner and without damage of the electrical and transparency properties of the electrode. Among the various materials used as modifiers of the ITO electrodes, the use of gold nanoparticles (AuNPs) have emerged as a simple and promising route for the modification of surfaces due to the possibility to obtain metallic materials with enhancement of the electrochemical properties (Ariga et al. 2012 , Gribova et al. 2012 , Iost and Crespilho 2012 . For example, gold is generally viewed as a good candidate for holeinjecting contacts due to its work function which is commonly cited as 5.2 eV (Braun et al. 2009 ). The combination of the transparent ITO electrode and AuNPs can also be a promising strategy for application in spectroelectrochemistry. however, AuNPs absorbs and scatter light efficiently due to the plasmon resonance effects (Srivastava et al. 2005) . herein, we report a methodology to obtain ITO electrodes modified with electrochemically active AuNPs, in which dendritic AuNPs were electrodeposited on ITO electrodes with no significant loss of transparency.
MATERIALS AND METHODS

mATeRIAlS
The polyelectrolytes PSS, PAmAm dendrimer generation 4 (10% in methanol), tetrachloroauric acid (hAuCl 4 ) (99%), potassium ferricyanide (III) (K 3 Fe(CN) 6 )(99%), potassium ferricyanide (II) trihidrate (K 4 Fe(CN) 6 .3h 2 O)(99%) and ITO electrodes (15-25 Ω sq -1 ) were obtained from Sigma-Aldrich. Gold coated glass with thickness of 100 Å (dimensions of 22mm x 22mm square) was obtained from Sigma-Aldrich. N-dodecanothiol (98%) and ferrocene (98%) were obtained from Sigma Aldrich). Potassium chloride (KCl)(99%) was achieved from Vetec. Sulfuric acid (h 2 SO 4 ) (97-99%) was obtained from Synth. All glasses utilized in reagent preparation were cleaned with KmnO 4 , h 2 SO 4 :h 2 O 2 (4:1)(v:v) and then, washed with ultrapure water (milli-Q system, 18 mΩ cm -1 ) before the preparation of solutions. ITO electrodes were previously cleaned before electrochemical experiments using RCA modified method (Kern 1984) . eleCTROChemICAl meASURemeNTS electrochemical experiments were performed in a 30 ml cell containing the working modified electrode of ITO (1.0 cm 2 area), a platinum auxiliary electrode and the reference electrode Ag/ AgCl sat using a Potentiostat/Galvanostat μAutolab model AUT70723. Cyclic voltammetry and chronoamperometry was performed using GPeS software. All the electrochemical experiments were carried out at room temperature (298 K). eIS measurements were carried out using FRA module software and a theoretical model was obtained using Randles circuit. The Randles circuit consists basically by an electrolyte solution resistance (R s ), a double-layer capacitance at electrode/ electrolyte interface (C dl ), a resistance of charge transfer through the interface (R ct ) and the Warburg impedance (Z d ) (Bard 1980 , Vyas et al. 2010 . For modelling the system based on multilayers of PSS/PAmAm the adsorption of each bilayer can be associated with introduction of an additional resistance (R f ) to mass transport of redox probes and a contribution of an additional capacitance value (C f ) to modified ITO electrodes. In our eIS studies, this value will be associated with the global resistance value when ITO electrodes were modified with the polyelectrolytes PSS and PAmAm. Thus, an additional resistance was introducing for modelling the Randles-modified circuit in this case. moreover, the Randles circuit was used for modelling equivalent-circuit formed for the case of multilayer films of PSS/PAMAM and the different adsorption times for electrodeposited gold nanostructures.
ATOmIC FORCe mICROSCOPY
The atomic force microscopy was carried out with the objective to achieve information of morphology of ITO-PAmAm-(PSS/PAmAm) 2 -AuNPs modified electrodes. For this purpose, AFM were performed using an AFm/SPm-microscope-Agilent 5500 in the contact tip mode, resonance frequency of 40hz, maximum resolution of 75 µm 2 minimum of 50 nm 2 , tip step of 0.5 lines per second.
mODIFICATION OF The eleCTRODeS WITh AUNPS
Firstly, the surface of ITO was modified by using layer-by-layer (lbl) methodology by immersing the electrode alternatively in to solutions of anionic (PSS) and cationic (PAmAm) polyelectrolytes and washed in ultrapure water between each successive step. In our case, the dip time of 5 minutes was used to adsorb each polyelectrolyte layer and form ITO-PAmAm-(PSS/PAmAm) 2 modified electrodes. After each adsorption step the substrate/film was rinsed and dried with N 2 . In this study we used this configuration in order to realize the adsorption of chloroaurate ions (AuCl 4 -) and further the formation of gold nanostructures by changing the dipping time of ITO in to the precursor solution of hAuCl 4 1.0 mmol l -1 . The reduced gold form (Au 3+ to Au 0 ) was carried out by applying a potential of 1.2V (vs. Ag/AgCl sat ) by chronoamperometry obtaining the ITO-PAmAm-(PSS/PAmAm) 2 -AuNPs modified electrodes. Further, the electrochemical stability of ITO-PAmAm-(PSS/PAmAm) 2 -AuNPs electrodes was verified by cyclic voltammetry. For this purpose, cyclic voltammetry and eIS measurements were perform using the same electrode at each experiment.
CONTACT ANGle meASURemeNTS highly hydrophobic surfaces were achieved by adsorbing n-octadodecanethiol on to ITO-PAmAm-(PSS/PAmAm) 2 -AuNPs electrodes. For this purpose, we have previously dip the modified electrode in to n-dodecanothiol in chloroform (ChCl 3 ) solution in order to study of wetting properties of the electrodes prepared previously. The final concentration in n-dodecanothiol in CCl 4 was 20%. The previous prepared ITO-PAmAm-(PSS/ PAmAm) 2 and ITO-PAmAm-(PSS/PAmAm) 2 electrodes modified with electrodeposited gold with adsorption times of 5, 10, 30 and 120 minutes (ITO-PAmAm-(PSS/PAmAm) 2 -AuNPs) were immersed for 5 hours in n-dodecanothiol solution.
The contact angle measurements were carry out in KSV CAm 200 goniometer equipment.
RESULTS
DePOSITION OF AuNPs ON TO ITO SURFACe
The deposition of AuNPs on to ITO surface using electrochemistry can be used to control the growth of metallic nanoparticles with well-defined shape and morphology (Bui et al. 2009 ). It´s well known that some metallic nanoparticle shows high absorption and scattering in the visible region of the spectrum, as reported in several studies (Bolzan et al. 2005 , Tian et al. 2006 , Zhang et al. 2004 ). Firstly, ITO electrode was modified with polyelectrolyte multilayers (PEM) and then the modified electrodes with polyelectrolytes was used to adsorb AuCl 4 ions by immersion of the electrode in hAuCl 4 precursor aqueous solution (1.0 mmol l -1 ). The Pem consisted in polyamidoamine dendrimer generation 4 (PAmAm-G4) and poly(sodium styrene sulfonate) (PSS) self-assembled onto ITO RODRIGO m. IOST et al.
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An Acad Bras Cienc (2019) 91(4) e20180817 4 | 13 by layer-by-layer technique. The self-assembly of 2-bilayer of PSS and PAmAm on ITO (ITO-PAmAm-(PSS/PAmAm) 2 ) provided the fine control of the amount of AuCl 4 adsorbed onto ITO-modified electrode. The study was carried out for four different adsorption times of AuCl 4 ions on to ITO-PAmAm-(PSS/PAmAm) 2 (5, 10, 30 and 120 minutes). After dipping of ITO-PAmAm-(PSS/PAmAm) 2 in different times AuCl 4 ions were electrochemically reduced to Au 0 electrochemically by using chronoamperometry. Figure 1 shows the schematic representation of each step of fabrication of ITO-PAmAm-(PSS/PAmAm) 2 electrodes with Au 3+ reduced to Au 0 leading to the formation of dendritic structured nanoparticles. Figure 2a shows the chronoamperometry curves obtained for different adsorption times, as can be observed by the increasing of faradaic current density associated with the quantity of Au 0 deposited on to the electrode surface. Cyclic voltammograms obtained for each electrode shows the increase of the current density upon the increase of electrodeposited gold (Figure 2b) . The increase in current peaks at 1.20V (related to Au oxides) is proportional with the amount of metal/metal oxide Au (Qian and Yang 2006) . Figure 2c sows the amount of Au (mol cm -2 ) deposited onto ITO-PAmAm-(PSS/PAmAm) 2 using different times of AuCl 4 adsorption (5, 10, 30 and 120 minutes).
Based on chronoamperometry, the amount of Au atoms electrodeposited for each time was estimated as 4.9x10 -5 , 5.0x10 -5 , 7.2x10 -5 and 8.3x10 -5 mol cm -2 for 5, 10, 30 and 120 minutes, respectively. This result corroborates with the X-ray diffraction pattern for ITO-PAmAm-(PSS/PAmAm) 2 -AuNPs (Figure 2d) The evaluation of the electron transfer at electrode/electrolyte interface was carried out by eIS and cyclic voltammetry using [Fe(CN) 6 ] 4-/ [Fe(CN) 6 ] 3-5 mmol l -1 in KCl 0.1 mol l -1 as redox probes. At first, ITO electrodes before and after the adsorption of the polyelectrolytes PSS and PAmAm were evaluated. Figure 3a shows the Nyquist plots for ITO-(PSS), ITO-(PAmAm), ITO-PAmAm-(PSS/PAmAm) and ITO-PAmAm-(PSS/PAmAm) 2 . It is worth mentioning that we are considering here the adsorption of the first PSS layer on to ITO. As expected, ITO-(PSS) showed no significantly change in the R ct values due to the nature of net negative residual charge on the surface of the electrode. The growth of films could be expected when the first layer of cationic polyelectrolyte PAmAm was adsorbed on ITO electrode. The peripheral amino groups of PAmAm are protonated (Nh 3 + ) at ph 6.3 which can be responsible for the increase in the current densities for [Fe(CN) 6 ] 4-/[Fe(CN) 6 ] 3owing to the difference of positive residual charge on to the surface of the electrode. For the first coating of PAMAM layer the resistance was 14.
3 Ω cm 2 , with R ct values increasing progressively with the adsorption of the subsequent bilayers up to around 35 Ω cm 2 for ITO-PAmAm-(PSS/PAmAm) 2 . It is interesting to note that for the adsorption of the subsequent bilayers on to the electrode ITO-PAmAm-(PSS/ PAmAm the R ct values increased up to 20.8 Ω cm 2 .
We assume that this effect is due to PAMAM do not overcompensate the residual negative charge from the ITO-(PSS), as also a possible interfacial overlap of polyelectrolyte layers (Decher 1997 ). In addition, the adsorption of the second bilayer (ITO-PAmAm-(PSS/PAmAm) 2 ) showed an increase of the value of R ct closer to the value of bare ITO, possibly because of the blocking effect for mass transport of the redox species in solution (Sun et al. 2007 , Zhang et al. 2005 . We also evaluated the eIS spectrum after the electrodeposition of gold at the surface of the ITO-modified electrodes. Figure 3b shows the Nyquist plots obtained for ITO-PAmAm-(PSS/PAmAm) 2 -AuNPs electrodes. The eIS results show the increase in the R ct values with the increase in electrodeposited gold on ITO-modified surface (Siqueira et al. 2007) . Some studies reports the increase of charge transfer process when AuNPs are synthesized within thin nanostructured films when adsorbed on to the surface of the electrode (Shein et al. 2009 , Sze 1981 This shows the importance of the detailed study of the electrode modification surfaces with nanomaterials with enhanced electrochemical properties with a linear increase in the electron-transfer dependence with the length of SAms. however, it is important to note that the impedance measurements were conduct with a non-charged macromolecule groups self-assembled on gold electrodes, different of the polyelectrolytes PSS and PAmAm used in here for the preparation of the ITO-modified surface for the growth study of electrodeposited gold. moreover, the presence of the charged chemical groups reflects directly in the R ct values as observed in Figure 3 Cyclic voltammetry experiments for [Fe(CN) 6 ] 4-/[Fe(CN) 6 ] 3-5 mmol l -1 were also carried out in KCl 0.1 mol l -1 for ITO and ITO-PAmAm-(PSS/PAmAm) 2 -AuNPs electrodes. The two well-defined redox process at 0.32V and 0.20V are attributed to [Fe(CN) 6 ] 4and [Fe(CN) 6 ] 3-, respectively (see the Supplementary material - Figure S1 ). First, we have shown the voltammetric behaviour of ITO and ITO-modified with the self-assembled electrolytes with the redox pair [Fe(CN) 6 ] 4-/[Fe(CN) 6 ] 3-. The adsorption of polyelectrolytes PSS, PAmAm and PAmAm-(PSS/PAmAm) upon to bilayers showed an increase in charge-transfer resistance without significant blocking of the surface for the diffusion of the redox species ( Figure S1b) . The cyclic voltammetry experiments shows an increase in the current densities when the ITO are modified with electrodeposited gold (Figure S1a ), as expected due to an increase in the surface area of the electrode by the presence of electrodeposited gold nanostructures. After the adsorption of the first PAmAm layer on ITO, an increase of the current density is observed due to the positive charge of the polyelectrolyte and decreases subsequently with the adsorption of the PSS and PAmAm layers, which acts progressively as a barrier for the diffusion of the [Fe(CN) 6 ] 4-/[Fe(CN) 6 ] 3species. For this purpose, the experiments were carry out using the same ITO electrode owing to the acquisition For all plots, the color represents: ITO-PAmAm-(PSS/PAmAm) 2 (black) and ITO-PAmAm-(PSS/PAmAm) 2 electrodes exposed to different times of AuCl 4 adsorption (5 (red), 10 (green), 30 (blue) and 120 minutes (dark cyan)). Supporting electrolyte: h 2 SO 4 0.1 mol l -1 . T 25° C. a) Chronoamperometric curves (applied potential: 1.2V (vs. Ag/AgCl sat ). The black curve is superimposed with the red curve. b) Cyclic voltammetry after AuNPs deposition. c) Amount of Au deposited onto ITO-PAmAm-(PSS/PAmAm) 2 using different times of AuCl 4 adsorption (5, 10, 30 and 120 minutes). d) DRX pattern obtained for the ITO-PAmAm-(PSS/PAmAm) 2 -AuNPs electrodes exposed to different times of AuCl 4 adsorption (5 (red), 10 (green), 30 (blue) and 120 minutes (dark cyan)).
of voltammetric information with subsequent steps of modification with the polyelectrolytes or with the electrodeposited gold nanostructures, as can be observe by the relative small change in the current densities upon the adsorption of the polyelectrolytes. Similar results were obtained for the electrodeposited gold on to ITO electrodes (see Figure S1a ). The estimated value for the apparent diffusion coefficient (D app ) for [Fe(CN) 6 ] 4-/ [Fe(CN) 6 ] 3was estimated as 1x10 -6 cm 2 s -1 when ITO and ITO-PAmAm-(PSS/PAmAm) 2 -AuNPs electrodes were used. The latter is an indication of not only that the surface are not blocked by the particles but also the charge-transport of an external probe redox pair [Fe(CN) 6 ] 4-/[Fe(CN) 6 ] 3from the solution to the electrode surface still occurs efficiently.
WORK FUNCTION FOR ITO mODIFIeD eleCTRODe
The determination of the work function (Φ) for ITO modified electrodes is an important factor for practical applications. In a first approach, cyclic voltammetry is commonly used to estimate oxidation potential for hOmO (E hOmO (1)
where 4.8 eV is related to the energy work function for Fc at vacuum (Al-Ibrahim et al. 2005) . Figure  4a shows the cyclic voltammetry at 50 mV s -1 for Fc species dropped (50µl of Fc in ethanol 5 mmol l -1 ) at ITO electrode and dried at vacuum in absence of heating. It was observed two redox process attributed to oxidation and reduction Fc species at about 0.64V and 0.45V (vs. Ag/AgCl), respectively (Gagne et al. 1980 ). The onset oxidation potential was 0.40V (Figure 4b ). By using equation 1, Φ was 4.4 eV for Fc adsorbed on to ITO electrodes. The same experiment was carried out for electrode configuration ITO-PAMAM-(PSS/PAMAM) 2 with AuNPs with 120 minutes of adsorption. Figure  4c and 4d shows the zoom for the linear sweep voltammogram obtained after the immersion of ITO modified with gold nanoparticles at different overpotential range. Figure 4c shows the onset oxidation potential for Fc species adsorbed onto AuNPs at 0.40 V (vs. Ag/AgCl) and Figure 3d shows the onset oxidation potential for gold oxides (Bolzan et al. 2005 ) at 1.0 V (vs. Ag/AgCl). As previously described for Fc species adsorbed onto ITO electrode, we have estimate Φ for ITO modified electrodes upon modification with AuNPs since the value of the work function of gold nanoparticles can be influence by the underlying substrate covered with organic molecules. For AuNPs with diameter of 10 nm some studies reported a mismatch of the work function with values of 3.6 eV for Si substrates covered with organic molecules (Zhang et al. 2015) . In our case, Φ for ITO-PAmAm-(PSS/ PAmAm) 2 with AuNPs for adsorption of 120 minutes was found to be similar to bulk gold (5.4 eV) (magnusson et al. 1999 (magnusson et al. , Zhang et al. 2015 . The shape and morphology of the dendritic gold particles were investigated by AFm. It was observe the formation of dendritic gold nanostructures on ITO-modified Pem electrodes, as shown in Figure 5a . We emphasize here the formation of gold dendrites in nanoscale size when the adsorption of AuCl 4 are carry out previously to the chronoamperometric reduction of ITO modified electrodes with polyelectrolytes. The Au atoms distributed on a surface density of 8.3x10 -5 mol cm -2 (120 min) leaded to nanoparticles with dendritic forms with radius of 300 nm and thickness of 59 nm, as observed by AFm images (Figure 5b ). Figure S2 shows the counting of 100 distances between dendritic structures of electrodeposited AuNPs onto ITO-PAmAm-(PSS/PAmAm) 2 electrodes for the adsorption time of 120 minutes versus distance of each dendritic AuNPs structures. The dendritic AuNPs show high homogeneity on ITO surface with distances ranging from 4 to 46 nm between them with selected area of 600 x 20 µm. The determination of the distances between each dendritic gold structure was carry out using the Image J software, image processing data.
OPTICAl AND SURFACe PROPeRTIeS OF ITO mODIFIeD WITh AuNPs
The influence of the AuNP on the optical properties of ITO was also investigate by electronic spectroscopy in visible region (400 to 800 nm). Figure 6 shows the electronic spectra for ITO and ITO-PAmAm-(PSS/PAmAm) 2 modified with electrodeposited gold at 120 minutes. ITO-PAmAm-(PSS/PAmAm) 2 -AuNPs is an electrode with the gold surface properties and with similar optical properties of ITO. The optical properties of ITO modified electrodes with a high controlled gold coated glass with thickness of 10 nm (dimensions of 22 mm x 22 mm square) was compared with a thicker film of Au deposited over glass substrate. For this case, the sputtering methodology was used for the obtention of a gold film over glass substrate with thickness of 66 nm (thickness data was obtain using Dekta K 150 equipment). Figure  6 shows the transmittance spectrum (%) obtained for baseline (black), for ITO (red), ITO-PAmAm-(PSS/PAmAm) 2 -AuNPs (pink), glass lamine Aucoated with 10 nm of thickness (blue) and glass lamine Au-coated with 66 nm of thickness (green).
Considering the optical properties of the electrodes, the loss of transparency in ITO electrode was about 10% upon electrodeposition of AuNPs. The previous modification of ITO with polyelectrolytes provided the control of gold deposition and the methodology used here was able to achieve ITO electrodes with no significant loss of their original transparency once dendritic AuNPs homogeneously dispersed on ITO. Generally, electrodeposited gold nanostructure shows well-defined broadband peaks at visible region from 500 to 600 nm (Ye et al. 2010) . here, ITO-PAmAm-(PSS/PAmAm) 2 -AuNPs showed no significant change in the transmittance when compared to ITO electrodes. This result may relate to the shape, size of dendritic gold structures and with the distance between each other, as shown previously in AFm images. Furthermore, the spectrum shows clearly the influence of thickness on transmittance when comparing a less thick gold coated and a denser gold coated deposited onto a glass substrate with the obtained ITO modified with AuNPs. For example, in Figure 6 it is possible to observe that a glass lamine Au-coated with 66 nm of thickness (green spectrum) could not be used in spectroelectrochemistry experiments in absorbance mode since it is not transparent to visible light. We also show how AuNPs on the surface can be explored as versatile material for possible applications. This includes functionalization or other process that are dependent of gold contact on surface. For instance and beyond electrochemical devices applications, this electrode becomes interesting for use as hydrophobic surfaces (Zhang et al. 2004) . In a typical hydrophilic surface the contact angle of water ranges from 0° to 30° (Ye et al. 2010 ) with the energy of interaction changing with the increase in hydrophobicity due to a low energy of interaction with the surface (hong et al. 2009, Kwok and Neumann 1999 ). An increase of the static contact angle of water with the presence of AuNP from 59.9° to 66.4° was firstly observed, as shown in Figure 5 . It is well known that the presence of sulfur groups can adsorb onto gold surface and on to gold nanoparticles deposited on to ITO. Table I shows the contact angles increased from 59.9° to 66.4° with the increasing of adsorption time of ions AuCl 4 . The formation of dendritic-like structures can also contribute for the increase in contact angle and for the hydrophobicity (Dutta et al. 2007 , Zhang et al. 2004 .
CONCLUSIONS
We reported a strategy to obtain ITO electrodes modified with self-assembled polyelectrolytes and active dendritic AuNPs. This is a typical combination of soft and metallic materials that results in electrodes with significant maintenance of optical transparency compared with bare ITO. We showed here the influence of the adsorption of polyelectrolytes and AuNPs on the electrochemistry, morphology and optical properties of ITO-modified electrodes. The transparency of the ITO modified with gold dendrites are significantly preserved at the same time providing electroactive gold sites at electrode surface. We propose that dendritic AuNPs on the ITO surface can also be explored as a versatile material for new applications, such as surface functionalization and hydrophobic surfaces. Additionally, the combination of all these characteristics is promising to produce alternative electrodes to be applied in spectroelectrochemistry studies.
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